Abstract-A joint radar-communication (JRC) system can provide cost-effective and spectrum-efficient platform solution with simultaneous operation, while accomplishing important tasks, sensing via radar processing and allocation of communication links. Existing modulation techniques where information embedding is achieved using sidelobe Amplitude-Shift Keying (ASK) for the JRC system are not investigated so far under fading channels and an optimum threshold estimation algorithm is yet to be developed. Specifying an optimum threshold level under fading can become a comprehensive problem, especially for mobile communication systems. In this paper, a novel non-data aided (NDA) threshold estimation technique and a receiver design are introduced. Furthermore, a new sidelobe ASK modulation technique is proposed for utilizing JRC system for mobile platforms under fading. Proposed modulation technique implements dual Sidelobe Level (SLL) ASK with waveform diversity by exploiting multiple orthogonal waveforms. One pair is modulated with dual SLL in amplitude rotational manner and initiates NDA threshold estimation process at the receiver. This method utilizes K bits of information using only K +1 orthogonal waveform. The performance of the proposed technique is investigated in terms of the bit error rate (BER) and data rate. Simulations reveal that the operation of proposed method coupled with NDA threshold estimation process can reach more data rate, since it exhibits almost the same BER performance as existing methods under fading channel without requiring more orthogonal waveform.
I. INTRODUCTION
Wireless communication and radar always seek for different motivations. One focuses on achieving maximum capacity under noisy channel, the other searches for better target resolution and parameter estimation when dealing with clutter and noise. Furthermore, extensive efforts on spectrum management and efficiency against radio frequency spectrum congestion enable development of smart systems as cognitive radio [1] and radar [2] , as well as radar and communication co-existence [3] - [5] . In recent years, huge attention is attracted with integration of communication and radar within the same system. A JRC system can provide cost-effective platform solution with simultaneous operation, while achieving important tasks, as environment sensing via radar processing and allocation of communication links. Furthermore, a JRC system can be a promising approach for cognitive radar networks [2] , [6] - [8] to enable faster switching between radar waveforms, since it does not require any other communication system which may results some delay. Hence, any radar state can be shared between radar nodes from CPI to CPI.
Burying information into radar waveform via emitting one waveform during each radar pulse from a group of predetermined waveforms has been studied in [9] . According to which waveform is transmitted and received, the information is deciphered at the receiver. However, in each coherent processing interval (CPI) of radar, shifting the waveform from pulse to pulse basis may disturb the primary radar operation. Recently, a joint radar communication approach using time modulated arrays (TMA), named as dual function radar-communication (DFRC), was proposed in [10] . Later, waveform diversity (WD) was integrated and exploits the communication performance with ASK, coherent and non-coherent PSK methods [11] - [16] . All these solutions require a radar in multiple-input multiple-output (MIMO) mode, i.e. simultaneously transmitting orthogonal waveforms. Furthermore, they require off-line computations to reach corresponding transmit beamforming weights for establishing a communication channel at specific direction. Recent researches in [17] and [18] enables real-time computation mechanism for updating the transmit beamforming vector to follow a mobile platform with low complexity procedures. Hence, in order to build mobile JRC systems, sidelobe ASK based JRC system has to be investigated under fading channels.
In this paper, a novel non data aided (NDA) threshold estimation technique is proposed. Pre-selected dual waveform feature eliminates the redundant training signal from the threshold estimation problem and exploits the proposed method for faster convergence to an optimum threshold. Furthermore, a receiver design is introduced and investigated for existing sidelobe ASK modulation schemes under fading channel. More to that, a new sidelobe ASK modulation technique is proposed for utilizing JRC system for mobile platforms. Proposed modulation technique implements dual Sidelobe Level (SLL) ASK by exploiting multiple orthogonal waveforms. One pair is modulated with dual SLL with amplitude rotational manner and this pair initiates NDA threshold estimation process at the receiver. This method utilizes K bits of information using only K + 1 orthogonal waveform.
The remainder is organized as follows. The signal model and transmit waveform design methods are described in Sec. II and Sec. III, then the proposed information embedding scheme is presented in Sec. IV. The threshold estimation procedures are detailed in Sec. V. Sec. VI provides the simulation results and conclusions are discussed in Sec. VII.
II. SIGNAL MODEL
In a DFRC system, the main mission of the transmit array is radar operation. However, it has a secondary purpose as burying information into radar waveforms toward the direction of communication without any effect on the radar operation [13] . The JRC system is equipped with M transmit antennas aligned as a uniform linear array (ULA). The M × 1 baseband transmit signal vector during the nth radar pulse is,
where w j be the M × 1 transmit beamforming weight vectors, where n is the pulse index, t is the fast time index, (.) * stands for the complex conjugate, ϕ j (t) be a set of J + 1 orthogonal waveforms, each occupying the same bandwidth Bw. The bandwidth for joint radar-communication functions is denoted as Bw and the total transmit power budget is P t . In other words, the spectral contents of all waveforms overlap in the frequency domain. It is assumed that each waveform is normalized to have unit power, i.e.
where T P W is the radar pulse width. It is further assumed that the orthogonality condition,
.., J is satisfied for j = j . Note that, in practice, perfectly orthogonal coded waveforms cannot be achieved. Therefore, the problem of waveform design with very low cross-correlations and very high auto-correlations should be used for this purpose and however, this is out of the scope of this section. At the receiver side, a single omni-directional antenna element connected to a communication receiver located in direction θ c , which is known to the transmitter side. The baseband signal at the output of the communication receiver can be expressed as,
where a(θ c ) is the M × 1 steering vector of the transmit array toward the spatial angle θ c , β ch (n) is the channel coefficient which reflects the propagation gain between the transmit array and the communication receiver during the nth pulse, and η(t; n) is the additive white Gaussian noise with zero mean and variance σ 2 N . Using signalling strategies to construct the transmit signal vector s(t; n), communication symbols can be buried into the radar signal.
III. TRANSMIT BEAMFORMING DESIGN FOR SIDELOBE ASK
First, transmit beamforming vectors for sidelobe level modulation are smartly selected to satisfy to focus the transmit power within the radar main beam, while keeping the sidelobe level below a certain value.
Off-line methods in the literature uses genetic algorithms [10] and second-order cone programming [13] . Transmit weight vectors can be designed off-line solving the following optimization problem from [19] ,
where u k be the M × 1 transmit beamforming weight vectors for amplitude modulation, and G k is selected from a set of SLL symbolsG = {G 1 , G 2 , ..., G K } is the desired transmit beam-pattern and Θ is the spatial sector where main radar operation takes place andΘ sidelobe sector, (.) H stand for the Hermitian operations, ε is a positive number that specify maximum SLL for primary radar operation, and G k corresponds to the kth SLL towards the communication direction,
is the M × 1 transmit array steering vector toward the spatial angle θ, (.) T stand for the transpose operations, d m is the displacement measured in wavelength between the mth and m + 1th antennas where m = 0, ..., M − 1, respectively. This optimization problems are convex and can be efficiently solved using second-order cone programming as stated in [13] .
Recent research in [18] proposes a closed form solution to an optimization procedure based on eigenvalue, point and derivative constraints. This method yields a low-complexity and robust solution for designing transmit beamforming vector in the JRC system. Hence, transmit weight vectors can be updated on-line calculating the following equation from [18] ,
where u o is the orginal given beamforming vector and,
where U is the matrix whose columns are the eigenvectors of
and a(θ c ) is the derivative of a(θ c ).
Hence, if the receiver is mobile relative to the transmitter through the Θ axis, u k (θ c + θ Δ ) can be updated with only changing A θc+θΔ and F θc+θΔ matrices as,
where is the Hadamard element-wise product.
IV. PROPOSED INFORMATION EMBEDDING METHODS
For each radar pulse, let χ b = {b 1 (n), b 2 (n), ..., b L (n)} sequence of binary bits buried into each radar pulse, then bits are smartly allocated for each orthogonal waveform using only two transmit beamforming vectors as u H and u L .
The transmit beamforming vectors as u H and u L are assumed to have same transmit radiation pattern within an only exception is at the communication direction where SLL of u H is higher than u L . Calculating the closed form equations in (7-9) while designing two weight vectors result
A. Dual Waveform Driven Multi Waveform ASK
Let J + 1 orthogonal waveforms is utilized for ASK modulation. For each radar pulse, let χ b sequence of binary bits are grouped in L and all is buried into each radar pulse where J = L. Fig.1 shows the detailed dual waveform driven waveform allocation table. First two orthogonal waveform is selected to delivering first bit. Dual waveform pair, ϕ 0 (t) and ϕ 1 (t), is non-coherently modulated with G H and G L with rotational manner. This pair initiates NDA threshold estimation which will be detailed in Section V process at the receiver. The other waveforms are modulated with G H when b l (n) = 1 and G L when b l (n) = 0, for l = 2, ..., L. Then, the baseband transmit signals in (1) can be rewritten as,
where P Δ = Pt L+1 and the baseband representation of the received signal vector at the receiver is given by,
where
are complex transmit gains towards θ c . After matched filtering with the coefficients of ϕ 0 , ϕ 1 and ϕ l , the received signal in (13) becomes, 
where l = 1, ..., L.
The signal strength at the output of the matched filters, original symbols can be retrieved by doing the following multistage ratio test,
whereT is the threshold level which is estimated with the method explained in Section V. Then, the receiver outputs the information bits using the formulas (15, 16) to retrieve the binary sequence χ b .
V. NON-DATA AIDED (NDA) THRESHOLD ESTIMATION METHODS
In this section, NDA threshold estimation methods which do not require an extra training signal to estimate the channel parameters are detailed. First, a time average NDA threshold estimation algorithm is introduced for the method in [14] for fading channels. Then, dual waveform driven (DWD) NDA algorithm which is designed for the method in Sec.IV is specified. Note that, data aided (DA) channel equalization techniques, i.e. channel sounding or sensing, can be applied, however they would disrupt or disturb the main radar operation or decrease the data rate. Also, if the number of user is increased in a radar network, it is harder to maintain the DA process for each node.
We assume that the channel is almost constant at least over the number of radar pulses used for observation, N obs . Optimal threshold level can be defined as an intercept point of two rician distribution, R(y l |Δ H , σ
. y l is a random variable with Rician distribution, since β ch (n) is almost constant for N o pulses and σ l (n) is zeromean Gaussian noise in (14) .
A. Time-Average NDA Threshold Estimation
It was shown that thresholds for the symbol decision can be estimate without using redundant signals for PAM signals in [20] . In this research, the assumption is that, if the received SNR is much larger than the multiplication of symbol period and receiver bandwidth, in a observation period seeing the channel factor into deep fades was little probable. Therefore, the threshold is calculated with the time-average estimate.
In a DFRC system, due to waveform diversity feature, all waveforms have to be transmitted at the same time. Therefore, all the waveforms are affected by the same channel factor. Hence, this method stands as a promising approach for the high PRF systems that run over slow fading channel environments.
The time-average NDA threshold estimation algorithm is in two stage. At the first stage initial threshold is estimated using the all waveforms matched filter outputs with the method in [20] as,T
where w is the any radar pulse index as n = 0, 1, .., w, .., N . Then, the estimated threshold, i.e.T , is refined recursively based on decision-directed estimation method as,
where N ones and N zeros is the number of bits detected as 1 or 0 usingT w , respectively. For each radar pulse,T is recursively updated using decision directed method. Then,T w+1 can be found by replacing w as w+1 andT w asT w from the equation 18 .
Furthermore, we apply this algorithm to the method in [14] and evaluate its performance in Section VI-B.
B. Dual Waveform Driven (DWD) Threshold Estimation
DWD Sidelobe ASK method comes with an important feature that each radar pulse contains at least one of the both SLL. Hence, this feature is exploited by the proposed NDA method for faster convergence to optimum threshold which results better BER. A block diagram of the receiver model using DWD method is shown in Fig.2 . Model consists of the matched filter bank (MF Bank), memory and comparator blocks, NDA threshold estimator (NDA TH Estimator), symbol estimator and appropriate delay blocks. At the first stage of the algorithm, matched filter outputs of dual waveforms, ϕ 0 and ϕ 1 , is used to determine initial mode (IM) threshold level with using the IM switch on in Fig.2 . Then, first stage symbols are estimated using the initial threshold. Initial threshold is a time average estimate of the matched filter output of ϕ 0 and ϕ 1 using (17) for l = 0, 1. At the second stage, using this initial threshold, b l (w) can be found using the (16) , then thresholdT is refined as decision-directed manner in (18) .
According to the communication environment, N obs should be selected smartly. For slow fading conditions, N obs can be selected as big enough to reach optimum threshold, hence smaller number of radar waveform can be used for modulation. On the other hand, fast fading channel conditions, in order to not to converge erroneous threshold, N obs should be as small as possible. Then, if the number of radar waveform is big enough, algorithm converges to optimal threshold level again.
VI. PERFORMANCE EVALUATION
In this section, simulation results are presented evaluating the communication performance of the proposed method for Sidelobe ASK based DFRC system in terms of bit error rate (BER). Then, we investigate the proposed threshold estimation method performance in terms of BER for various window sizes.
A uniform linear transmit array with 10 antennas spaced with one-half wavelength is used at the simulations. During each radar pulse, information bits are transmitted towards the communication direction located in the sidelobe region. For all methods, only two transmit vectors, u H and u L , are used for modulation to provide −20dB and −40dB communication SLL. The transmit beampatterns for these vectors are given in Fig.3 using the formulation in [18] .
In order to reach results, a Monte Carlo approach has been used over 100 tests. For each test, a sequence of 10 4 radar pulses were transmitted to the channel. The communication channel is modelled as rician fading channel. We assumed that there is at least one line of sight (LOS) path exist. The ratio between the power of the direct path and the others, i.e. rician factor, was selected as 5 and channel coherence time is selected as 1.4msec, unless otherwise stated.
Throughput is calculated as 80bits per packet with uncoded 64bits data, 8bits checksum and 8bit header. We assume that receiver side operates in a simple ARQ mechanism and sends an ACK if any error is encountered.
A. Proposed DWD ASK Modulation Performance
We first investigate the performance of proposed method under additive white gaussian noise (AWGN) and rician fading 
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Method of [14] with constant TH Method of [14] with NDA Method of [13] Proposed Method with DWD NDA 2bits/pulse AWGN 8bits/pulse AWGN 2bits/pulse Rician k=5 8bits/pulse Rician k=5 channel in terms of BER for various SNR levels comparing with the existing schemes in [13] and [14] . Simulations are run for L = 2 and L = 8 bits delivered per pulse. For these cases, the number of orthogonal waveform J is selected as, 3 and 9 for the proposed method, 2 and 8 for the methods in [13] and 4 and 16 for in [14] , respectively. Hence, the window size is selected as N obs = 24 pulses. As expected, under AWGN channel and 2bits/pulse case, the proposed methods using NDA threshold mechanism show 1dB behind BER performance. Hence, the window size were not enough to converge optimum threshold level. For the 8bits/pulse case, almost 4 times higher samples are used for the threshold estimation process. Then, the proposed methods using NDA threshold mechanism perform almost same BER performance as the others.
As in Fig.4(a) , all the methods show almost the same performance under rician fading, however the method of [13] has the slightly the best BER performance. Hence, it does not require any threshold mechanism. However, it needs twice the number of orthogonal waveform to reach the required data rate. On the other hand, the proposed method with DWD NDA algorithm has better BER performance than the method of [14] , although proposed method requires one additional orthogonal waveform.
In the second part of the simulations, we evaluated the system throughput under changing fading conditions, while the number of orthogonal waveform keeps the same as in Fig.4(b) . Keeping the waveform fixed is clearly the more realistic case, because the DFRC system is developed with a claim that the system would not cause any effect on radar mission.
As seen in Fig.4(b) , the method of [13] has the lowest capacity and [14] with proposed NDA solution has the highest. Simulations show that, the method of [13] reaches higher throughput under only low SNR case and it is not dependent to slow/fast fading case. On the other hand, proposed method with DWD NDA algorithm works best under fast fading and slightly higher SNR. The results are summarized in Table I . In this part of the simulations, the fast fading condition means the coherence time of the channel is smaller then the pulse repetition interval (PRI) and for the slow fading case, it is much greater than the PRI.
B. Threshold Estimation Method Performance
The performance of proposed threshold estimation method under rician channel in terms of BER for various window sizes N obs × L (in bits) is compared with existing modulation schemes. We are trying to show the convergence performance of the proposed NDA methods to the optimal threshold level. Simulations are run for 2 and 8 bits of information delivered per radar pulse and observation window, which is selected through 1 to 500 radar pulses. As in Fig.5(a) , the proposed method with DWD NDA threshold estimation algorithm shows the same BER performance with [13] , although the channel has more strongest fading effect. Fig.5(b) displays the effect of the PRF on the BER performance. The method in [13] shows a reference BER performance due to its threshold-less mechanism. Hence, it specifies an baseline for other methods. On the other hand, the method in [13] requires twice times higher number of orthogonal waveform for the same number of bits, hence it modulates a bit with a pair of orthogonal waveform. The proposed method with DWD NDA algorithm reaches almost the same BER performance for window size 1 pulse and then increasing window size results setting the threshold to a wrong level, hence the channel is no longer constant along the observation window. In other words, the higher PRF means more pulse to sent in channel coherence time. Besides, the performance of the method in [14] exhibits the worst performance, since time-average NDA algorithm can not observe any relatively constant channel for converging to an optimal threshold level.
VII. CONCLUSIONS AND FUTURE WORK
A JRC system can provide cost-effective platform solution while achieving environment sensing via radar processing and allocation of communication links. In this paper, a new sidelobe ASK modulation technique coupled with a NDA threshold estimation method for DFRC systems is developed. Furthermore, a new receiver architecture is introduced for utilizing DFRC system for mobile platforms.
Simulations show that the communication performance of the proposed and existing sidelobe ASK based modulation schemes are almost same under fading channel in terms of BER, while keeping data rate the same. Moreover, the operation of proposed DWD method coupled with NDA threshold estimation process drives higher throughput for fast fading and slightly higher SNR values. Besides, the proposed NDA algorithm makes the existing method in [14] delivering higher throughput for the slow fading case. In order to reach better performance at lower SNR values, instead of single antenna at the receiver, using an antenna array with digital beamforming will improve the performance significantly. For further investigation, different diversity combining techniques to mitigate multipath effects will be analysed.
